Nature killer (NK) cells are important lymphocytes of the innate immune system, well known for their pivotal roles in immune surveillance and defense against tumor and virus-infected cells. Current studies have revealed that NK cells are not a homogeneous population, but instead consist of distinct subsets with diverse characteristics. As an organ with predominant innate immunity, the liver is enriched with NK cells, among which two distinct NK cell subsets have recently been identified: conventional NK (cNK) cells and tissue-resident NK (trNK) cells. Liver trNK cells are markedly different from cNK cells in many aspects, representing a new lineage of innate lymphoid cell (ILC) family. Here, we summarize the phenotypic and functional features of liver trNK cells, and review current knowledge regarding developmental pathway of liver trNK cells. We also overview recent advances in human liver trNK cells and discuss the striking shared hallmarks of trNK cells in different tissues.
INTRODUCTION
Natural killer (NK) cells are the prototype member of innate lymphoid cell (ILC) family (Spits and Di Santo, 2011) . Since their discovery in the 1970s, many studies have shown the importance of NK cells in host defense against microbial infections and tumors (Dahlberg et al., 2015; Eissens et al., 2014; Sun et al., 2015) . In particular, most of previous studies on NK cells have focused on mouse splenic and human peripheral blood NK cells, which are circulating and referred to as conventional NK (cNK) cells (Sojka et al., 2014b) . However, NK cells have recently been attracting attention for their heterogeneous subsets based on tissue distribution (Rajagopalan, 2014; Shi et al., 2011) .
The liver is a unique organ with predominant innate immu- *Corresponding author (email: huipeng@mail.ustc.edu.cn) nity, containing a large number of innate immune cells, such as Kupffer cells, NK cells, NKT cells and γδ T cells (Gao et al., 2008; . Earlier studies have indicated that hepatic NK cells were phenotypically different from splenic NK cells, and these findings were initially attributed to the abundant presence of cNK-cell developmental intermediates (Kim et al., 2002; Takeda et al., 2005) . Until recently, we and others have showed that mouse liver NK cells can be divided into two distinct subsets based on CD49a and DX5 expression: One subset characterized as CD49a − DX5 + is cNK cells as it resembles splenic NK cells and circulates in the blood Sojka et al., 2014a) . Another subset is tissue-resident NK (trNK) cells and characterized by the specific CD49a + DX5
− phenotype, residing in the liver sinusoid blood and conferring memory-like responses in contact hypersensitivity (CHS) models . Subsequent studies further revealed that liver trNK cells and cNK cells require different transcription factors for their development, thus representing separate developmental lineages (Constantinides et al., 2014; Daussy et al., 2014; Klose et al., 2014; Mackay et al., 2016) .
LOCATION AND ORIGINS OF LIVER TRNK CELLS
The liver has two afferent vascular supplies, the portal vein and hepatic artery, the blood of which mixes together in the hepatic sinusoids (Jenne and Kubes, 2013; Racanelli and Rehermann, 2006) . CD49a + DX5
− NK cells reside neither in afferent nor in efferent blood of the liver; instead, they are present in the sinusoids . In line with these observations, analysis of parabiotic mice, which allow sharing of the blood circulation through joint circulation, revealed that liver CD49a + DX5
− NK cells were mostly host derived, confirming their tissue-resident feature Sojka et al., 2014b) ; however, liver CD49a −
DX5
+ NK cells are derived from both host and the other parabiont. Notably, liver trNK cells from mice in parabiosis for more than three months still remained host-derived, suggesting that liver trNK cells are not continuously replaced by bone marrow (BM)-derived precursors (Gasteiger et al., 2015) . Consistently, in lethally irradiated mice that were transplanted with BM cells, liver trNK cells were significantly reduced as compared with those in normal mice . These findings raised the question of whether liver trNK cells are locally renewed .
Liver is a major hematopoietic site during fetal life and maintains a few hematopoietic stem cells in adults (Crosbie et al., 1999; Kotton et al., 2005; Orkin and Zon, 2008; Taniguchi et al., 1996; Wang et al., 2012) . Our previous study has indicated that hematopoietic progenitors in adult liver can generate liver trNK cells, which is likely one source for the replenishment of liver trNK cells . It is also plausible that liver trNK cells arising from the fetal period may locally self-renew and persist for life time, akin to tissue-resident macrophages (Figure 1 ).
DEVELOPMENT OF LIVER TRNK CELLS
Regarding cell development, liver trNK cells share common features with cNK cells but can be distinguished (Peng and Tian, 2015 (Yu et al., 2014) . However, CXCR6 + αLPs are very rare, and only 2.5% of them can .
A branching point between cNK cells and other ILC subsets has been demonstrated. Lin (Klose et al., 2014) . Moreover, a subset of progenitors marked by PLZF expression represents a more restricted-development potential compared to CHILPs, since it could develop into liver trNK cells, ILC2s, ILC3s, but not cNK and LTi cells (Constantinides et al., 2014) . These findings suggest liver trNK cells and cNK cells represent separate developmental lineages.
Remarkable progress has recently been made in the recognition of transcription factors that control the development of NK cell subsets at early stages (Zook and Kee, 2016) . For example, TCF1 and NFIL3 are responsible for the generation of ILC progenitors, therefore affecting the development of trNK cells, cNK cells as well as other mature ILC subsets (Geiger et al., 2014; Seillet et al., 2014b; Yang et al., 2015; Yu et al., 2014) . Notably, in NFIL3-deficient mice, CD49a 2016). Transcription factor T-bet is strictly required for the early development of liver trNK cells, but only has moderate effects in cNK cell development (Daussy et al., 2014; Tang et al., 2016) . Moreover, PLZF and Hobit are also respectively required for the development of liver trNK but not cNK cells (Constantinides et al., 2014; Mackay et al., 2016) . Additionally, as compared to cNK cells, liver trNK cells expressed low levels of Eomes, which is important for cNK cell development but does not impact liver trNK cells (Daussy et al., 2014; Gordon et al., 2012) . Thus, liver trNK cells and cNK cells have differential transcription factor requirements.
FUNCTIONS OF LIVER TRNK CELLS

Memory-like responses mediated by liver trNK cells
Accumulating evidence has recently shown that NK cells possess certain features of immunological memory (O'Sullivan et al., 2015) . NK cells can mount recall responses following specific activation by chemical haptens (O'Leary et al., 2006; Paust et al., 2010) or viruses (Foley et al., 2012; Gillard et al., 2011; Paust et al., 2010; Sun et al., 2009) , or non-specific activation by cytokines (Cooper et al., 2009; Keppel et al., 2013) , respectively. The first evidence for NK cell memory came from observations that mice devoid of T cells and B cells but possessing NK cells mediated CHS responses in a hapten-specific manner (O'Leary et al., 2006) . Of particular interest, memory-like NK cells in CHS models were unexpectedly restricted to the liver, whereas splenic NK cells failed to mount CHS responses (O'Leary et al., 2006; Paust et al., 2010) . Our later studies confirmed this phenomenon and further showed that transfer of liver trNK cells could confer the recall response in CHS models, but liver cNK cells was ineffective . However, it remains puzzling how liver trNK cells exert effector functions at the site of challenge. Another important issue to be addressed is how NK cells recognize different antigens since they do not express RAG-dependent antigen receptors.
Potential roles of trNK cells in liver diseases
The liver is an immune tolerant organ with unique predisposition for chronic infections by certain clinically important pathogens (Fahey et al., 2014; Xu et al., 2014; Yang et al., 2014; Zheng et al., 2014) . Both pathogenic and protective functions of NK cells in viral infections have been reported (Jost and Altfeld, 2013; Schuch et al., 2014) , but it is unclear whether liver trNK cells and cNK cells play similar or distinct roles in anti-viral immune responses. Like cNK cells, liver trNK cells are cytotoxic and IFN-γ producers (Sojka et al., 2014a) . It is possible that liver trNK cells may spontaneously lyse virus-infected hepatocytes and promote Th1 polarization via IFN-γ, thereby contributing to viral clearance in the liver. However, trNK cells have also been found to have immune-regulatory functions through crosstalk with other immune cells. For example, salivary gland trNK cells, which highly express TRAIL, eliminate activated CD4 + T cells in a TRAIL-dependent manner and consequently delay viral clearance during chronic murine cytomegalovirus (MCMV) infection (Schuster et al., 2014) . Liver trNK cells express high levels of NKG2A; a recent study found that signalling through NKG2A inhibited accumulation of IFN-γ + cNK and thereby limited antiviral CD8 + T cell responses (Krueger et al., 2016) , suggestive of the immune-regulatory potential of liver trNK cells. Moreover, our previous study showed that genes associated with immune tolerance and negative regulations were upregulated in liver trNK cells as compared to those in cNK cells. Therefore, liver trNK cells also have the potential to negatively regulate anti-viral immune responses.
CD49A AS A COMMON MARKER FOR TRNK CELLS
The discovery of liver trNK cells motivates the study of trNK cells in other tissues, which provides new insights into the heterogeneity of NK cell subsets. Recent findings have revealed that trNK cells in different tissues have striking phenotypic features similar to those in the liver (Erick and Brossay, 2016) .
CD49a is also known as integrin α1 and can associate with the integrin β1 subunit (CD29) to form the CD49a/CD29 (VLA-1) heterodimer, which is responsible for retaining lymphocytes in tissues (Ray et al., 2004; Richter et al., 2007) . By parabiosis studies, CD49a was also found to be a marker of trNK cells in other tissues. Akin to the liver, uterus, skin and adipose contain high frequency of CD49a + DX5 − trNK cells (Richter et al., 2007; Sojka et al., 2014a) . In contrast to liver and skin trNK cells, uterus NK cells are T-bet-independent and express high levels of Eomes (Sojka et al., 2014a; Tayade et al., 2005) . Interestingly, salivary gland NK cells are tissue-resident and exhibit positivity for both CD49a and DX5 (Cortez et al., 2016) . Unlike trNK cells in other tissues, salivary gland NK cells are present in normal numbers in T-bet-, Eomes-, and NFIL3-deficient mice, but lack of TGF-β-signaling markedly reduced salivary gland NK cell numbers (Cortez et al., 2014; Cortez et al., 2016) . In addition to CD49a, several other markers commonly expressed by trNK cells have been reported, including CD69 and TRAIL. CD69 can antagonize sphingosine-1 phosphate receptor 1 (S1P1) (Bankovich et al., 2010; Shiow et al., 2006) , which promotes lymphocyte egress in to blood (Zajac and Harrington, 2014) , and thus it could be relevant to the tissue residency of non-cNK cell subsets. Similarly, other non-recirculating lymphoid lineages, such as tissue-resident memory T (Trm) and NKT cells, also highly express CD49a and CD69 (Mackay et al., 2016) . Moreover, Trm and NKT cells also require Hobit for their maintenance, like liver trNK cells (Mackay et al., 2016) . Collectively, trNK cells and other tissue-resident lymphocytes exhibit shared expression patterns of surface markers and transcriptional factors that instructs tissue retention.
LIVER TRNK CELLS: FROM MOUSE TO HUMAN
In humans, liver NK cells with equal proportions of CD56 bright and CD56 dim subsets can account up to 30%-40% of total hepatic lymphocytes (Moroso et al., 2010) , in contrast to their low frequency in other tissues. Previous studies about human liver NK cells have been mainly focused on their roles in liver diseases including viral infections, fibrosis, and tumors (Araujo et al., 2014; Fasbender et al., 2016; Rehermann, 2013) ; however, few studies have specifically descripted the characteristics of human liver NK cells under homeostatic conditions. The discovery of liver trNK cells in mice prompted researchers to further investigate whether the human liver also contains a unique trNK cell subset. In humans, liver CD56 dim NK cell subset phenotypically and functionally resembles peripheral blood CD56 dim NK cells, which represent at least 90% of all peripheral blood NK cells, and thus can be regarded as cNK cells (Hudspeth et al., 2016) .
In contrast to CD56 dim cNK cells, hepatic CD56 bright NK cells express trNK cell markers such as CD69 and CXCR6, and lack cNK cell markers such as CD62L and CCR7 (Burt et al., 2009; Hudspeth et al., 2016) . Moreover, human hepatic CD56 bright NK cells exhibit unique transcriptional profiles compared to cNK cells. CCL3, CCL4, CXCL16, which are highly expressed in the sinusoids of the healthy liver, can selectively induce migration of hepatic CD56 bright NK cells (Hudspeth et al., 2016) , hinting at a possible mechanism for their retention in the human liver.
Similar to murine liver trNK cells, a proportion of human hepatic CD56 bright NK cells with the expression of CD49a are T-bet + Eomes − (Marquardt et al., 2015) . Interestingly, these CD49a + NK cells display a narrow killer cell Ig-like receptor (KIR) expression pattern, suggestive of having undergone clonal-like expansion. Inconsistent with the highly frequency (about 50%) of murine liver trNK cells, however, human hepatic CD49a + NK cells are at a very low frequency (average 2.3%) and even undetectable in some cases (Marquardt et al., 2015) . Therefore, the precise identification of human liver trNK cells remains to be further studied.
CONCLUDING REMARKS
Recent studies have indicated that the liver contains two distinct NK cell subsets: trNK cells and cNK cells. There are substantial differences between the two subsets in terms of phenotype, functions, and developmental requirements. The discovery of liver trNK cells led to the investigation of trNK cells in other tissues, which has greatly expanded our knowledge of NK cell diversity. However, many new questions concurrently arise, and the following issues need to be addressed in future studies: (i) the origin of trNK cells in different tissues, (ii) the local environmental factors involved in the tissue residency and maintenance of trNK cells, (iii) contribution of trNK cells in the progress of different diseases such as infection and inflammatory diseases, (iv) molecular mechanisms underlying memory-like responses by liver trNK cells, and (v) precise identification of human trNK cells. Addressing the above questions has an enormous potential not only to improve our knowledge on NK cell biology but also to facilitate future clinical applications of NK cell-based immunotherapy. (2012) . The transcription factors T-bet and eomes control key checkpoints of natural killer cell maturation. Immunity 36, 55-67. Hudspeth, K., Donadon, M., Cimino, M., Pontarini, E., Tentorio, P., Preti, M., Hong, M., Bertoletti, A., Bicciato, S., Invernizzi, P., Lugli, E., Torzilli, G., Gershwin, M.E., and Mavilio, D. (2016) . Human liver-resident CD56 bright
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